
















PM2.5were collected inMarch 2006 during theMILAGRO campaign (Megacities Initiative: Local and Global
ResearchObservations) carriedout in thenorthern regionof theMexicoCityMetropolitanArea (MCMA), in
order to realize an individual characterization of particulate matter through scanning electron microscopy




electron detector (BSD) anthropogenic phases were analyzed with the EDX and elemental composition of
individual particles showedmainly elemental composition of Fe–O (24% relative abundance)with spherical
morphology congruent to emissions frommetal–mechanic industrial process and soil re–suspension. Twenty
percentoftheaerosolwas"Pb–rich"particlesidentifiedasagglomerationsofnanometricspheresofindividual
sizedistributionsamong1.0–600nmandtheyarerelatedtohightemperatureindustrialemissions.The"Ba–
rich" particles (16%) presented chemical associations of Ba–S–O and irregularmorphologies and theywere
relatedtoemissions fromthemineralphaseofbarite thatconstitutestheasbestosoftheautomobilepieces.




























theworld. Diverse epidemiological studies have demonstrated a
correlation between PM exposure and adverse human health
effectsduetoparticlecharacteristicslikeitschemicalcomposition,
size,airconcentrationandexposure time.Allof thesedetermine
the specific damage caused to the organism (Monn, 2001;




megacity because is an urban regionwithmore than 10million
habitants (WHO/UNEP,1992), currently itspopulation is close to
20 million and the implications about services demand and
infrastructure related to its growth have shown a remarkable
impacttotheairqualityoftheregion.

The MCMA is formed by Mexico Federal District (16
delegations) and 59 municipalities of Mexico State, includes a
surface of 7732 km2, 19% of these corresponds to theMexico
FederalDistrictandtheother81%toMexicoState.Itissituatedon
the east part of the region known as Transversal Neovolcanic
Sistembetween19°03´–19°54´northlatitudeand98°38´–99°31´
west latitudewith2240mabove sea levelofaverageelevation.
The MCMA altitude produces regularly deficient combustion
processes which emit major quantities of pollutants to the
atmosphere due to the low oxygen content in the air,which is
approximately 23% lower than at sea level (Molina andMolina,
2002). Its latitudinal position causes an intense solar radiation
receptionwhich increases the speedofphotochemical formation
ofpollutantslikeozoneandsecondaryparticles.Furthermore,the
mountainswhich enclose theMCMA cause the accumulation of
emissions.Itslocationatthecountrycentercausesthisareatobe
affected by anticyclonic systems throughout the year and also
maintains clear skies and consequently the photochemical
capabilityof theatmosphere isenhanced.Besides, thesesystems
reduce thewind speed nearby the ground surface inhibiting the




Programs on Air Quality, which designs prevention and control
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30days,24hoursaday.Eightmobileunitswere installed in the
MCMA perimeter and six investigation aircrafts equipped with
measuring instrumentsalsoparticipated,fiveofthemwerebased
inVeracruzStateandtheother inHouston.Theairdataprovided
very extensive information at different altitudes. Satellite
instrumentswerealsousedwiththepurposeofcoveringa larger
geographicalarea.ThespatialarrangementofthesupersitesT0,T1
and T2 was designed to characterize the chemical/physical
transformations and to locate the ultimate destination of
pollutantsexportedfromtheurbanarea.

According to Fast et al. (2007), the general meteorological
conditionsduringMILAGROcampaigncanbeclassified into three
regimes:thefirstfrom1stto14thMarchwithsunnyanddrydays;
the second one beginning from 12th March with temperature
decrease,humidityincreaseandvariablewindsfromwesttoeast,
theseconditions lasteduntil19March.From21stMarchwestern
windsanda cold frontwere registeredwithprecipitations in the
lastdaysof themonth. In thesame fashion,DeFoyetal. (2008)
carriedoutaclusteranalysisinordertoidentifythedominantwind
patternsduring the campaign.Their results indicated thatMarch
2006was representative of typical flow patterns experienced in
theMCMA basin during the dry warm season, and six episode
types(thatdescribetransportandbasinventing)wererecognized
in order to understand atmospheric chemistry and to relate
meteorology and pollutant concentrations. Summarizing the six
ventilation episodes by intervals of dates: “South Venting”,
presentedup toand includingMarch7withuniform transport to
thesouth;“O3–South”presentedon8,12and15–17Marchwhen
wind shift occurred,with transport initially to the southmoving
back to the north, in these days ozone peaks presented in the
southof thecity;“O3–North” for9–11,18–20and22March, the
morningpollutantaccumulationswereventedtothenorthduring
the afternoon; “Cold Surges” on 14, 21 and 23March having a
strong southward flushing of the basin late into the evening, as
discussed inFastetal. (2007);“Convection–South”on24–26and
31March, presenting south transport in the late afternoonwith
rain in the southern part of the basin; and the last one
“Convection–North” duringMarch 26 to 30withweak southerly
windcomponentaloftwithagapflowandraininthenorthernpart
of thebasin. Thesemeteorological conditionshave an important
influence in the pollutants transportation, and according to the
studiesmentionedabove,aroundMarch22thmainwind fluxwas





The environmental measurements performed during
MILAGRO campaign consisted in particles and aerosols analysis
such as totalmass, ions, trace elements, elemental and organic
carbon, particles size distribution, absorption and dispersion
coefficients,opticalthicknessandparticlesmorphology.

In this research an individual characterization of particulate
matteremissionswasperformed for sampling sitesT0andT1by
means of scanning electron microscopy, with the objective to
describeindetailthemorphologyandchemicalcompositionofthe
“fresh” PM2.5 emission (T0) and compare their characteristics
against those of particles collected upon pollutant plume
transportationduetotheMCMAweatherconditions(T1).

The supersite T0 was located at the Mexican Petroleum
InstituteinthenorthofMexicoCityat19°29’Nlatitude,99°08’W
longitudeandataltitudeof2240m.This station is impactedby
urban,residentialandcommercialemissionsandisalsoinfluenced
byfreshroadtrafficemissionsbecauseissurroundedbyfourhigh
traffic roads mainly transited by light duty vehicles and diesel
buses and, an important regional bus station is located at
approximately500mSE,thus,trafficvolume is large. It is located
nexttotheVallejoindustrialzone,locatedat1kmnortheastfrom
this sampling point, so that is impacted by local industrial





Tecamac (UTTEC) inMexico State, is a semi rural site located at
30kmnortheastof theFederalDistrict. It issituatedat19°43’N
latitudeand98°58’Wlongitudeandatanaltitudeof2273m.This
site is far from major urban agglomerations but close to small
populated agglomerations of around 172410 inhabitants,
according to the2008 census.Themaineconomicalactivity isof
commercial type with a total of 3070 small businesses, the
majority of them are food related. It is affected by vehicular
emissions coming from federal road number 85, that is around








PM2.5 sample collectionwas performed using the Andersen
cascadeimpactorsamplers,inthoseequipmentstheparticlestend
todeviate from theair fluxdue to theiraccumulatedmomentum
when airstream becomes curved as it passes through a solid or
semisolid surface. The particles become detached from the
airstream and impact onto the surface. Those samplers are
constitutedbyaseriesofsixaluminumplates,eachofthemwith
400perforationswithdecreasingdiameterswhichinturnincrease
the air velocity in every stage. Through an aspiration tube, an
airstream of 28.3L/min is sampled with a vacuum pump. The
particlesaretransportedintheairstreamandsortedbytheirsizes
















For the individual characterization by electron scanning
microscopy a Phillips XL30 of tungsten filament was utilized at
Metallurgy Institute of the Autonomous University of San Luis
Potosi,Mexico.Oncethefiltersweretakenfromtheimpactortheir
central partwas extracted using a cylindrical cutter of 1.0cmof
diameter, in this portion was the major accumulation of the
collectedmaterial.ThesamplewasplacedinaluminumSEMholder
with an adherent conductive carbon tape and then, the sample
surfacewascoatedwithafilmofconductingcoaltoeliminateany







to analyze their surfaceswith secondary electron detector (SED)




theSEMwasused to thesuperficialchemicalanalysis (qualitative
and semiquantitative).Apunctualmicroanalysiswasperformed
with an energy–dispersive X–ray (EDX) analyzer adapted to the
SEM,mainly selecting phaseswith heavymetals and secondary
inorganiccompounds (sulfatephases),due to theBSD image that
shows major contrast in the areas with major average atomic
number. The microanalysis were obtained with 60 seconds of
capture time,1000 to2000countspersecondand30%ofdead
time,recordingtheEDXanalysisatthecentralpartoftheparticles.






Anthropogenic particles were the aim of the SEM
characterization of the 275 polycarbonate and 20 quartz filters
analyzed, gathering information of around 6000 individual
particles (i.e., their morphology, size and superficial chemical
composition).Accordingtothenumberofanthropogenicparticles
analyzedby samplingday,a tendencyofabundanceperdaywas






According to thecharacteristicX raydetectionperformedby
the energy–dispersive X–ray (EDX) analyzer adapted to the SEM,
themostabundantelementsdetectedwereFe,Pb,Ba,C,Ca,Zn
andCu,presentinthe87%ofthetotalparticles,beingFethemost
abundant one. Around 13% of the total particles registered
contents of other elements like Sr, W, Sb, Na, Sn and Al.
Considering themajor abundance of the particles as function of
themain constitutiveelements and theirpossiblehealth impact,
thesephaseswillbedescribedondetail.

Fe: This element was present in the 24% of the total particles
(a1450 individual particles). Themost abundant phasewas iron
oxides,77%of thisgroup, (Figure2a)with irregularandspherical




are associated with corrosion and abrasion of exposedmetallic
structuresoutdoors(Aragon,1999;CamposͲRamos,2005;CamposͲ







emissions (CamposͲRamos, 2005; Aragon et al., 2006; CamposͲ
Ramosetal.,2009).Emissionswithhigh iron concentrationhave
been reportedaswell from theabrasionof vehicleparts,mainly





2b). Theseparticlesmainly registered EDX spectra corresponding
to leadoxides. Ithasbeen reported that this leadphase canbe
associatedwith emissions from garbage incineration, breaks and




Ba: The phases rich in Ba (Figure 3) presented chemical
associations of Ba–S–O and irregularmorphologies (16% relative
abundance). The presence of this element in the air has been
related to vehicular emissions (Querol et al., 2008)mainly from
braking pads abrasion emissions and, given that barite (BaSO4)
substitutedtheasbestos inthecompositionsofthoseautomobile
pieces, it could be explained the sulfur and oxide content
associated to thesephases rich inbarium (Sternbecketal.,2002;
Adachi and Tainosho, 2004). As T0 and T1 have high vehicular
traffic,itcanbeassumedthatthisisthemainemissionsourcefor
these kinds of particles. Also, the Ba–S–O associations could be
related to the painting industry because there is a compound
formed by BaSO4 (70%) and ZnS (30%), called lithopone, that is
employed as a surface covering. In this group, particles of the
mineralphaseofbarite (BaSO4)was foundaswell,mainly in T1,
thatisclassifiedasasemiruralsiteanditsglobalchemicalanalysis
estimates that 45% from the PM2.5 comes from T1 soil re–




predominant morphology corresponds to nanometric spheres
(between 600 and 800nm) of compact and continuous surface
(Figure4a)thatbelongtophasesofelementalcarbon(EC)andare
consideredas tracersofcombustion sources (Schauer,2003)and
asoneofthemainprotagonistoftheclimateforcingduetotheir




andOsignals that representedaround4%of theparticleweight.
Considering that EC particles from T1 experienced a transport
processduetotheclimaticconditionsreportedfortheMCMAand
alsoduetothepresenceofSandOintheparticleedges,itcanbe
assumed that those refer to secondary phases formed on the








and irregularmorphologies (Figure5a)and so it canbeassumed
that they refer to secondaryphasesof calcium sulfate since this
material is commonly found in the atmosphere because of the
calcite(CaCO3)sulfation,bySO2deposition,andforitshygroscopic
















by SEM. The zinc–copper oxides aremainly originated by basic
metallic industrialactivity,and theseare close toT0 sample site.
Moreover, their presence in the air results frommetallic pieces
abrasion and frommelting; and this explain their characteristic
spherical shape. This kind of particles has also been related to
emissions fromworn tires, especially in heavily trafficked roads
















phase of celestite (SrSO4), which is commonly found in solid
solutionwithbariteand,asthislastoneislargelyindustriallyused,
that can explains the presence of Sr particles in the air. The Sn
particles presented sphericalmorphologies (Figure 6b) and their
source isattributed to theweldingprocessesemissionsand from
combustion of petroleum products, which could explain their
roundnesswhen condense they from high temperature gaseous
emissions.ParticleswithhighAl content showedmainly irregular
forms (Figure 6c) and low oxygen concentrations related to the
superficial oxidation generated by the environmental conditions,
thismaterialmainlycomesfromoutdoorstructuresabrasion.The
Sb particles presented morphologies oriented as tetrahedral
pyramids (Figure6d)whichcorresponds toantimony trioxideand
theirprincipalsourcereferstofugitiveemissionsoftheprocessof
asphalt mixture fabrication, petroleum combustion and melting
and molding of metallic pieces, ferrous and non ferrous; all of
these are punctual sources refereed to industrial combustion
processes (EITP,2008).Theparticles“Na–rich”correspond to the
mineralphaseofNaCland theircubicmorphologycoincideswith
the cristallinity of this phase (Figure 6e) that is present in the
atmosphere because this mineral is largely used in the basic
chemical industry. The metallic W particles presented irregular
forms (Figure 6f) and their source is assumed to be from polish





The complete size range of the total particles analyzed
oscillated between 2.5μm and particles less than 600nm. To
classifythesizedistribution,fourintervalswereestablished:(1)2.5
–2.0μm;(2)lessthan2.0–1.0μm;(3)lessthan1.0μm–600nm
and (4) less than600nm.Thepredominant sizedistributionwas









With respect to the “Fe–rich” particles, the phase of Fe–O
presented size in the third interval included the “ferrites” (the





The majority of the “Pb–rich” particles presented sizes
between1.0μmto600nm,butisimportanttomentionthatmost
ofthenanoesphereswereagglomerated inclustersofaround1.5
μmand justaround7.0%of the leadparticleswerebetween200
and300nm.

In the caseof “Ba–rich”,45%of this groupwas in the third











in the first interval sizeevenwas themaincontributingphase to





















The sphericalparticleswithhighCucontent represented the
45%ofthesekindsofparticlesandshowedsizelessthan600nm;




Among the minority phases (13% relative abundance) “Al–
rich”particlescontributedtothefirstintervalsizeandthisisowing
to their most probable origin related to outdoor structures









Figure 8 shows the total number of anthropogenic particles











The particles abundance distribution shows and important
incrementonT1duringMarch19thand22ndofaround35%above
to the daily average (40 anthropogenic particles) in the time
intervalfrom16:00–19:00hrs,whichcouldconfirmtheresearch
suggesting that March 22nd represented an effective pollutant
plumetransportdayofemissionsfromT0,sincethewinddirection
was northeast toMCMA, these meteorological conditions were
modeled in The Weather Research and Forecasting (WRF) by
employingafour–dimensionaldataassimilationtechnique,andthe
results congruently reproduced the trajectories indicating that
particles flowed fromT0toT1andT2 (Doranetal.,2007;Fastet
al.,2009). InasimilarwayLagrangianparticlesdispersionmodels




The interval times with the major PM2.5 quantities of
anthropogenic phases (6:00 – 9:00 and 16:00 – 19:00 hrs)
coincidedwiththehoursofmajorvehicularand industrialactivity
of theMCMA, because the population commute to theworking
centersand schools takesplaceduring thosehours,andalso the
industries activities begin. This pattern coincides with the
information described on the Emissions Inventory of Criterion
PollutantsoftheMCMAthat listsadailygenerationofaround14
tonsofPM2.5 in this region,where45% isemittedbetween7:00
and12:00hrs(EICP,2008).

Relating to the carbon particles, for example, the major
abundance of this phase (48% of the “C–rich”)was in the time
intervalfrom6:00–9:00hrsandthiscoincideswithMCMAhighest
vehicular traffic hours reported by the EICP (2008) that
corresponds from6:00 to11:00hrs,presenting themaximum at
10:00hrs.ThiscorrelatesthemainemissionsourceofCparticlesto
internal combustion engines as it is reported by bulk chemical
analysis that associate thePM2.5 toparticular sources (Querol et
al., 2008; Mugica et al., 2009). For this group of particles the





increase during days that presented air fluxes from theMCMA
southwest (March 19 and 22), and this can be related to the
pollutantplumetransportphenomenon,speciallytheT0emissions
regionalimpact,whichisaffectedbydirectindustrialandvehicular
emissions influencedby itssurroundingconditions. It is important




the lead emissions from T0 to T1 and this difference of the
impacting hours of the “Pb–rich” particles could confirm the




to the atmosphere.Another line tendency that demonstrate the
clear correlation between meteorological conditions and the
presenceofparticulatematterintheatmosphereisthenumberof
ECphasesdecreased in the lastdaysofMarch, similarly for lead
phases,thisbehaviorcoincideswiththepresenceofhumidityand
rainfall registered in the MCMA from March 24–30, and this





The individual characterization of the PM2.5 by scanning
electron microscopy and the energy–dispersive X–ray (EDX)
analyzeradaptedtotheSEM,allowsobtaininginformationofsome
individual aspects from particulate matter. The chemical
composition showed that the three most abundant groups of




northern MCMA, where T0 and T1 are located. The chemical
phasesanalyzedarecongruentwithotherglobalchemicalanalysis
performed by different researcher groups in the same study
region. The large relative abundance of “Fe–rich” particles is
explained with the corrosion and abrasion of exposed metallic
structures and from emissions of metal–mechanic industrial
processes,andasisindicatedontheEICP(2008)atthenortharea




Mamane et al. (1986) analyzed individual particles emitted from
coal–firedpowerplantsandfoundthatcoalflyashparticleswere
predominantlysmoothmineralspheres(>95%)consistingmainlyof





understand the source of the “ferrite” particles. Fe is also
consideredasatracerofthesoilcomponent,presentintheairby
soil re–suspension. In theelemental component analysisby ICP–
AES (Inductively Coupled Plasma–Atomic Emission Spectrometry)
performed by Mugica et al. (2009), Fe was, as similar to this
research, themost abundantmetal in PM2.5 (1.61 μg/m3, 2.3%
relative abundance) estimating an 26% average contribution to
PM2.5 from re–suspended soil. Similarly, Querol et al. (2008)
classifiedFeasacomponentofthecrustalmaterial,presentinthe
airduetodustre–suspensionandestablishedthecontributionof
this factoras the15–28%of thePM2.5.These resultssupport the







Pbparticles.Those resultsareverycongruentwith the individual
SEM–EDS characterizationpresented in this research,bothmade
evidentthedecreaseofthispollutantonweekends,mostly inthe
officialMexicanholidayweekendduringMarch18th–20th,when
most of the industries stopped their activities and the regional
vehicletrafficwasminimized.Aikenetal.(2009)alsoreportedlead
particleswithZnassociations related to industrialemissions from
the north area of theMCMA, and described decreasing of this
phases on weekends, mentioning march 26th as a lower
concentrationpeak.Althoughthese“Pb–rich”phasesalreadyhave
been detected in MILAGRO samples throughout bulk chemical
analysisandbyscanningmicroscopy(Moffetetal.,2008a;Moffet
etal.,2008b;Queroletal.,2008),thenanometricagglomerationof
spheres characterized by SEM were not shown before. This
pollutantraisedhealthconcernsby theATSDRand ingeneral the
PM2.5 fraction has been shown to be an important health risk





700 nm. The EC phases are related to vehicle exhaust emissions
andaccordingtotheEICP(2008)the52%ofthePM2.5isattributed
tomobilesources,beingtheheavydutydieselvehicleswhichemit






main contributor of carbonaceous material contained in PM2.5.
They have reported that during the long holiday (March 18–21),
thecontributionofvehiclestothetotalmasswasaround13%less
thanduring theweekdays.According to Salcedoet al. (2006)on
Sundaysthetrafficreductionismorenoticeable(a25%)butduring
holidayweekends, a holyweekend for that investigating period,




Aiken et al. (2009) using high resolution time–of–flight aerosol
mass spectrometer (HR–ToF–AMS) to determine the size
distribution and showed that themajorityof theparticles are in







By employing scanning electron microscopy it could be
obtainedfurtherdetailsfromparticulatematter lessthan2.5μm,
registering information aboutmorphology, texture, cleavage and
superficial chemical composition (qualitative and semi–
quantitative) using an energy–dispersive X–ray (EDX) analyzer




the startof theworkinghours for the industries surrounding the
samplingsiteandalsocoincideswiththemajorvehiclevolumesat
thenearbyroads.ForthecaseT1,thetimeintervalthatpresented
the major particles accumulation, mainly “EC–rich” ones, was
16:00–19:00 hrs. These particles exhibited secondary phases
depositiondue to T0emission transportation.Although T1PM2.5
concentrationsaremainlyattributedtoparticlesre–suspension, it
was demonstrated that the T0 emissions affect T1 pollution, Pb
phasesareaclearexampleofthis,becausethoseparticlesdonot
present an emission source in T1 and showed a remarkable
increase during 22nd of March, a date clearly identified as an
effectivepollutiontransportdayfromT0toT1andT2.

As can be appreciated that, the individual characterization
performed by SEM–EDX on the anthropogenic PM2.5 was
consistentwith thebulk chemicalanalysisand thismadeevident
the influence of the meteorological conditions on pollutant
distribution as well as the socio–economical regional activities.
SEM–EDX as an individual characterization technique of PM2.5,
allows identifying specific details such as superficial chemical
composition, size andmorphology from air suspended particles.
The individual particle details could contribute to establish
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